INTRODUCTION
Recent studies in a number of laboratories ( [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ; reviewed in [13] ) have revealed that, in mammalian cells, amino acids exert a marked effect upon the regulation of several proteins involved in the control of protein synthesis (mRNA translation), but no studies have so far examined the effect of another important class of nutrient, sugars, on the control of these proteins. This paper reports, for the first time, that hexoses also provide an important permissive input into their control in mammalian cells.
Amino acids, especially leucine, exert positive regulatory effects on several proteins involved in the initiation phase of mRNA translation. Most studies have focused on two such proteins, namely the eukaryotic initiation factor 4E (eIF4E) binding protein (4E-BP1) and the 70 kDa protein kinase that phosphorylates ribosomal protein S6 (p70 S6k). eIF4E binds the 5h-cap (7-methylguanosine) of eukaryotic mRNAs and also interacts with a scaffold protein, eIF4G, which brings together other translation-initiation factors to form the eIF4F complex, which is required for cap-dependent translation and probably plays a role in ribosomal scanning [14] [15] [16] . 4E-BP1 (also termed PHAS-I [17] ) binds to eIF4E at a site that overlaps that for eIF4G, and binding of 4E-BP1 to eIF4E thus prevents the formation of functional eIF4F complexes. Stimuli such as insulin bring about the phosphorylation of 4E-BP1 at several sites, resulting in its release from eIF4E, permitting eIF4E to bind eIF4G (reviewed in [14, 17] ). The insulin-induced release of 4E-BP1 is blocked by treatment of cells with rapamycin, showing that it requires mammalian target of rapamycin (mTOR). mTOR itself is a large polypeptide that shows similarity to lipid kinases, but whose true function is still poorly understood [18, 19] .
Abbreviations used : eIF, eukaryotic initiation factor ; 4E-BP1, eIF4E binding protein 1 ; CHO, Chinese-hamster ovary ; D-PBS, Dulbecco's PBS ; GCN2, general control of amino acid biosynthesis, non-derepressing 2 (a protein kinase acting on eIF2α) ; mTOR, mammalian target of rapamycin ; PKB, protein kinase B ; p70 S6k, the 70 kDa ribosomal protein S6 kinase ; S6, ribosomal protein S6 ; 5h-TOP mRNA, mRNA possessing a 5h-tract of pyrimidines. 1 To whom correspondence should be addressed (e-mail c.g.proud!dundee.ac.uk).
that a product of hexose metabolism mediates the permissive effect of glucose. The effect of glucose was concentration-dependent within the range 1-5 mM. In contrast with the situation for 4E-BP1, glucose does not allow full activation of the 70 kDa ribosomal protein S6 kinase (p70 S6k ; another target of mTOR signalling) or phosphorylation, in i o, of its substrate, ribosomal protein S6. Taken together with earlier data showing that amino acids regulate 4E-BP1 and p70 S6k, the present findings show that 4E-BP1 in particular is regulated in response to the availability of both amino acids and sugars.
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p70 S6k is activated by insulin and growth factors through phosphorylation of a number of sites in the p70 S6k polypeptide. Activation of p70 S6k is dependent on mTOR, since it is blocked by a specific inhibitor of mTOR, rapamycin [20] . Mutation of one phosphorylation site in p70 S6k to an acidic residue (Thr-389 Glu) confers resistance to rapamycin, suggesting that this site plays a key role in the control of p70 S6k by mTOR [21] . It is thought that activation of p70 S6k may be important for the activation of the subset of mRNAs encoding ribosomal proteins and elongation factors ; indeed, growth factors or insulin elicit up-regulation of the translation of these mRNAs in a rapamycin-sensitive manner (reviewed in [22] ). Members of this set of mRNAs possess a 5h-tract of pyrimidines and hence are known as 5h-TOP mRNAs.
As mentioned above, several investigators have shown that amino acids play an important role in the regulation of p70 S6k and 4E-BP1. Firstly, amino acids (especially the branched-chain amino acid leucine) bring about phosphorylation of p70 S6k and 4E-BP1 and, secondly, they exert a permissive effect with respect to insulin [9, 10] or growth factors [8] , which, in a number of cell types, can only elicit phosphorylation\activation of p70 S6k or phosphorylation of 4E-BP1 if amino acids are present.
Here we extend studies of the effects of nutrients on the regulation of these proteins to examine the influence of sugars upon their phosphorylation. We show that hexoses such as -glucose exert a marked permissive effect on the regulation by insulin of the phosphorylation of 4E-BP1. This effect requires hexose metabolism. Glucose also exerts a permissive effect on the ability of insulin to promote phosphorylation of p70 S6k, but only to a limited extent, and this does not result in phosphorylation of S6 itself, suggesting that additional inputs are required here.
EXPERIMENTAL

Chemicals and biochemicals
Unless indicated otherwise, all reagents were obtained from Sigma or Merck. The phosphospecific antisera against p70 S6k were obtained from New England Biolabs (now Cell Signaling Technology). Antisera against eIF2α [23] and phosphorylated eIF2α [24] have been described previously, except for antiphospho-S6 (Ser-235) antibody, which was generously donated by Dr Dario Alessi, University of Dundee. It was raised against a peptide corresponding to the region of S6 around Ser-235 (peptide sequence KRRRLSpSLRASTS, where Sp represents phosphoserine), one of the major sites of phosphorylation in S6 [25] . The phosphospecific antisera against 4E-BP1 were kindly provided by Dr John C. Lawrence (University of Virginia, Charlottesville, VA, U.S.A.), and their characterization has been described in detail in recent publications from his laboratory [26, 27] . The anti-PKB antibody was generously provided by Dr Dario Alessi [28] , while a phosphospecific antibody for protein kinase B (PKB) phosphorylated on Ser-473 was purchased from New England Biolabs.
Maintenance of cells
Chinese-hamster ovary (CHO) cells (K1 strain) were maintained as described previously [29] . When cells were about 80 % confluent, some were transferred to Dulbecco's PBS (D-PBS), while others were transferred to the same medium supplemented with 5.5 mM -glucose or other additions as indicated in the text. In some cases, cells were treated with insulin (10 nM).
Gel electrophoresis and Western blotting
These procedures were performed as described previously [30] using Immobilon4-P membrane (Millipore). For the analysis of 4E-BP1, gels contained 13.5 % (w\v) acrylamide and 0.36 % methylenebisacrylamide. For analysis of other proteins, gels containing 0.1 % methylenebisacrylamide and either 10 % or 12.5 % acrylamide (as indicated) were used.
Measurement of the rate of protein synthesis
This was performed as described previously [8] , with the modifications described in the Figure legends.
RESULTS
Glucose acts permissively to promote the regulation of targets of mTOR signalling
We noted previously in our studies on the effects of nutrients on the assembly of the eIF4F complex that the presence of glucose allowed insulin to induce formation of this complex even in the absence of amino acids [10] . In order to study this further, we first examined the effects of glucose and insulin on the phosphorylation of 4E-BP1.
CHO.K1 cells were incubated in the absence of any nutrients (in D-PBS) or in D-PBS plus glucose (at 5.5 mM unless indicated otherwise) for various times. In some cases, insulin was then added for 20 min. In control cells, i.e. those in Ham's F12 medium, 4E-BP1 was present as the more phosphorylated β and γ species, with none of the least phosphorylated α form being detected. (It should be noted that, since 4E-BP1 can be phosphorylated at five or more sites, the three bands seen on SDS\PAGE probably each represent a mixture of differently phosphorylated species.) As reported previously [9] , withdrawal of nutrients caused dephosphorylation of 4E-BP1, as manifested by a shift on SDS\PAGE from the β and γ species towards the more rapidly migrating, hypophosphorylated, α form. In particular, the γ species was absent from cells deprived of nutrients. Insulin did not elicit a discernible change in the migration of 4E-BP1 in cells deprived of glucose and amino acids ( Figure 1A ). In cells supplemented with glucose, a slightly higher proportion of the total 4E-BP1 ran as the β species than in nutrient-deprived cells. More strikingly, in the presence of glucose, insulin was able to bring about phosphorylation of 4E-BP1, with the majority of the protein shifting into the γ form, almost to the extent seen in cells maintained in Ham's F12 medium ( Figure 1A ). In agreement with our earlier findings with CHO.T cells [10] , we found that that glucose exerted a permissive effect on the formation of eIF4F complexes in response to insulin in CHO.K1 cells (results not shown). Glucose had no effect on the basal level of eIF4F complexes, again as noted previously [10] .
It did not appear likely that the effects of nutrients on the regulation of 4E-BP1 were due to a gross defect in insulin signalling in nutrient-deprived cells, since we have shown previously that, in nutrient-starved cells, insulin is able to activate PKB to at least the same extent as it does in cells maintained in normal culture medium or in glucose [10] . To verify again that
Figure 2 Glucose does not modulate the phosphorylation of key regulatory sites in p70 S6k or S6
(A) CHO.K1 cells were treated as described for Figure 1 . Samples were analysed by SDS/PAGE (10 % acrylamide gel) and immunoblotting using an antibody specific for p70 S6k that detects the protein irrespective of its state of phosphorylation. Multiple arrowheads mark the different forms of p70 S6k resolved by this method, which differ in their states of phosphorylation (the least phosphorylated one migrating most rapidly). (B, C) As for (A), but immunoblots were performed using antibodies that recognize p70 S6k only when it is phosphorylated at Thr-389 (B) or Ser-421/424 (C). (D) As for (A), but samples were analysed on a 12.5 % acrylamide gel and immunoblots were developed with an antibody against phosphorylated S6. Similar data were obtained in at least three separate experiments.
insulin signalling was not defective in cells deprived of glucose, we studied the phosphorylation of PKB using a phosphospecific antibody that detects the protein only when phosphorylated at the C-terminal site, Ser-473. As shown in Figure 1 (B), insulin was able to induce phosphorylation of this site (which is required for activation of PKB [31] ) to the same extent in nutrient-deprived cells as in control cells kept in Ham's F12 medium. This corroborates our earlier data for PKB activity and underlines the fact that insulin signalling to this pathway, which is considered to be important in the regulation of 4E-BP1 phosphorylation [32, 33] , is still functional in nutrient-deprived cells. The defect(s) underlying the reduced basal phosphorylation and insulin responsiveness of 4E-BP1 in nutrient-deprived cells must therefore be in signalling components other than, or downstream of, PKB.
To study further the basis of the permissive effect of glucose on the phosphorylation of 4E-BP1, we made use of recently developed antisera specific for phosphorylated forms of 4E-BP1 [26, 27] . This analysis revealed that Thr-69 was phosphorylated to at least some extent under all conditions, although its phosphorylation was decreased in the unstimulated nutrient-starved cells ( Figure 1C ). Phosphorylation of this residue was increased by the addition of glucose or insulin to the nutrient-starved cells. As sometimes two, but on other occasions only one, band is recognized by this antiserum, it is difficult to be certain whether insulin regulates Thr-69 phosphorylation in control cells or cells given glucose ; the data do suggest that insulin may increase Thr-69 phosphorylation in the latter situation. The sites Thr-36 and Thr-45 clearly underwent marked dephosphorylation in the absence of nutrients ( Figure 1D ). Insulin could not restore their phosphorylation in the absence of glucose. Addition of glucose had no effect on the phosphorylation of these sites, but glucose did allow insulin to increase their phosphorylation to the levels seen in control cells. In contrast, insulin had no obvious effect upon the phosphorylation of these sites in the control cells. A very similar pattern was observed for Ser-64 : it was phosphorylated in control cells in the presence or absence of insulin, underwent dephosphorylation when nutrients were withdrawn, was not phosphorylated in response to insulin in starved cells, but was modified after insulin treatment of cells given glucose (results not shown). These data suggest that glucose facilitates the insulin-induced phosphorylation of at least three sites in 4E-BP1 (Thr-36, Thr-45 and Ser-64), but does not itself exert an effect on these sites. In the case of Thr-69, insulin may have a modest positive effect on the phosphorylation of this site.
Glucose exerts limited modulatory effects on the control of phosphorylation of p70 S6k
We also examined a second target of mTOR signalling, p70 S6k [20] . Insulin induced phosphorylation of p70 S6k in control cells, as manifested by the widely observed shift in migration that accompanies the phosphorylation of p70 S6k, but had no effect in cells deprived of nutrients (Figure 2A ). Under these latter conditions, p70 S6k ran as a single, rapidly migrating, major species on SDS\PAGE, which is characteristic of dephosphorylated forms of the enzyme. Glucose did allow insulin to induce a modest change in the phosphorylation state of p70 S6k, as assessed by the mobility-shift assay. To study this further, we also tested the phosphorylation state of Thr-389 and Ser-421\424, which are key phosphorylation sites for the regulation of p70 S6k [21, 34] , using appropriate phosphospecific antibodies. The same pattern of events was seen using both antisera : these sites were not significantly phosphorylated in control cells, but were phosphorylated after insulin treatment ( Figures 2B and 2C) . No significant signal was observed for samples from nutrientdeprived cells or cells given glucose, even in the presence of insulin. These data agree with the above findings showing that the insulin-induced phosphorylation of p70 S6k was only partially facilitated by glucose : it appears that glucose does not permit the phosphorylation of sites thought to be of key importance for activation of p70 S6k.
To study this further, we made use of an antibody that detects S6 (an in i o substrate of p70 S6k) when phosphorylated at Ser-235. Insulin promoted the phosphorylation of S6 in the presence of growth medium, consistent with the marked shift in migration of p70 S6k that accompanies its phosphorylation and activation, and with our earlier data showing that p70 S6k is activated under these conditions [10] . In contrast, no increase in S6 phosphorylation was seen after insulin treatment of cells maintained without nutrients or in the presence of glucose ( Figure 2D ). This agrees with the above data for the phosphorylation of Thr-389 and Ser-421\424, and with our earlier data on the activity of p70 S6k [10] . Taken together, these data clearly differentiate the regulation of 4E-BP1 from that of p70 S6k, since glucose permits full regulation by insulin of the former, but not of the latter.
Glucose facilitates the stimulation of protein synthesis by insulin
A key question is the extent to which glucose deprivation affects the rate of protein synthesis and its control in CHO cells. We therefore measured rates of protein synthesis by assaying the incorporation of [$&S]methionine into trichloroacetic acid-insoluble material. In cells deprived of glucose and amino acids, the basal rate of protein synthesis was low, and was unaffected by the addition of insulin (Figure 3 ). In contrast, cells maintained in medium containing glucose showed a much higher (8-fold) basal rate of protein synthesis, and this was markedly increased by insulin (Figure 3 ).
Sugar metabolism is required for the permissive effect
To gain some insight into the mechanism by which glucose exerts its permissive effect, we explored whether different glucose analogues could substitute for glucose in permitting insulin to bring about phosphorylation of 4E-BP1 ( Figure 4A ). The nonphysiological stereoisomer -glucose was unable to do so ; this was expected, as this isomer can be neither transported nor metabolized. In contrast, the -glucose analogues 2-deoxyglucose and 3-O-methylglucose can be transported, but cannot be metabolized fully. These compounds were also unable to exert a permissive effect with respect to the ability of insulin to stimulate the phosphorylation of 4E-BP1. This strongly suggests (i) that glucose transport itself does not form part of the mechanism by which glucose exerts its effect, and (ii) that metabolism of glucose beyond glucose 6-phosphate is required. Thus it seemed likely that a metabolite of glucose, or perhaps energy generated as a consequence of glucose metabolism, might be the basis of this effect.
In order to test the effect of glucose over a range of concentrations, CHO.K1 cells were incubated in D-PBS containing 1-5 mM -glucose. In some cases, insulin was added for the final 15 min. The most sensitive and informative way of studying the regulation of 4E-BP1 is to examine its association with eIF4E, i.e. its function. This is the most physiologically meaningful assay, as release of 4E-BP1 will allow eIF4E to bind eIF4G, thus promoting assembly of initiation-factor complexes. Samples of cell lysate were therefore subjected to chromatography on m(GTP-Sepharose, a resin that binds eIF4E and, with it, any associated 4E-BP1 (m( is 7-methyl). Samples of the bound material were analysed by SDS\PAGE and Western blotting using anti-4E-BP1 serum. As shown in Figure 4 (C), very little , except that in some cases different D-glucose concentrations were employed (as indicated), or lacate (Lact ; 5 mM) was added. In addition, samples of cell extract (150 µg of protein) were applied to m 7 GTP-Sepharose resin and, after washing the beads to remove unbound proteins, the bound material was analysed by SDS/PAGE and Western blotting using anti-eIF4G or anti-4E-BP1 antibodies, as indicated. Equal recovery of eIF4E was confirmed by re-probing the membranes with anti-eIF4E (results not shown). Similar data were obtained in three separate experiments.
4E-BP1 was bound to eIF4E in control cells (in Ham's F12 medium), and this small amount of 4E-BP1 was released in response to insulin. For cells in D-PBS, much more 4E-BP1 was bound to eIF4E, in accordance with its dephosphorylation under this condition ( Figure 1A ) and with an earlier data [10] . Insulin failed to bring about release of 4E-BP1 in these cells ( Figure 4C) , consistent with the modest change in 4E-BP1 phosphorylation seen under this condition (Figure 1 ). Little release was also observed in response to insulin in cells maintained in D-PBS with 0.5 mM -glucose ; however, as the glucose concentration was raised further, insulin was able to cause partial (1 mM) or almost complete (2.5, 5 mM) release of 4E-BP1, consistent with its ability to bring about extensive phosphorylation of 4E-BP1 at a concentration of 5 mM ( Figure  1) . Concomitant with the insulin-induced release of 4E-BP1 observed at 2.5 and 5 mM glucose, the binding of eIF4G to eIF4E was increased by insulin at these glucose concentrations.
When higher glucose concentrations were tested (up to 20 mM), we observed no further enhancement of the regulation of 4E-BP1 (over and above that seen in 5 mM glucose). This suggests that the effects of glucose occur primarily at subphysiological concentrations (hypoglycaemic range).
In order to test whether the effect was specific for glucose itself or whether other metabolizable sugars might also have a permissive influence on mTOR signalling, we tested the effects of other hexoses. -Mannose exerted similar effects to those seen for -glucose, as did -glucosamine ( Figure 4B ). These data suggest that the effect is not specific for glucose and, consistent with the data described above for glucose analogues, that sugar metabolism generates energy (ATP ?) or another signal (metabolite) that supports or mediates the permissive effect on mTORdependent signalling.
To examine whether the observed effect was likely to be connected to cellular energy supply, we tested whether an alternative metabolic fuel, lactate, could also act permissively with respect to insulin action. As shown in Figure 4 (B), addition of lactate did not affect the basal level of 4E-BP1 phosphorylation or exert a marked permissive effect with respect to insulin, although some shift from the α to the β isoform was seen consistently in response to insulin. However, insulin was able to bring about marked release of 4E-BP1 in cells incubated in lactate ( Figure 4D ). Lactate also allowed insulin to enhance the binding of eIF4G to eIF4E, to about the same extent as did -glucose ( Figure 4C ; see also [10] ). These findings were unexpected, in view of the modest change in the electrophoretic mobility of 4E-BP1 seen under this condition ( Figure 4B ). This indicates that conversion of 4E-BP1 into the γ form is not essential for its release from eIF4E, in agreement with the observation that very little 4E-BP1 remains associated with eIF4E even under conditions where a significant proportion of the total 4E-BP1 remains in the β isoform (e.g. in unstimulated control cells, or in cells given glucose and stimulated by insulin ; see Figures 1 and 4C and earlier data [10] ). The band migrating as the β isoform clearly comprises a mixture of differently phosphorylated species, some of which bind to eIF4E and some of which do not. The existence of multiple species within each band is entirely expected, since there are at least five phosphorylation sites in 4E-BP1, but electrophoresis only resolves three forms (discussed in [10] ; see also [35] ).
Possible mechanisms by which hexoses permit regulation of mTOR-dependent phosphorylation events
It has been shown recently in yeast (Saccharomyces cere isiae) that glucose starvation causes increased phosphorylation of the α subunit of eIF2 (eIF2α) by activating the protein kinase Gcn2p [36] . Furthermore, Terada and co-workers [11] have suggested that starvation of mammalian cells of another nutrient, amino acids, may regulate mTOR signalling by activation of the mammalian homolgue GCN2 (general control of amino acid biosynthesis, non-derepressing 2 ; a protein kinase acting on eIF2α), which then feeds into mTOR signalling by an unknown mechanism. We therefore tested whether glucose starvation caused increased phosphorylation of eIF2α. However, as we reported previously for CHO.T cells (a closely related cell line which overexpresses the human insulin receptor [9, 10] ), no consistent difference in eIF2α phosphorylation was observed between CHO.K1 cells incubated with and without nutrients. No significant change in the level of phosphorylation of eIF2α upon nutrient withdrawal was observed in four separate experiments carried out in the present study or in our earlier work on the effects on nutrients in CHO cells [10] (value in nutrient-deprived CHO.K1 cells were incubated under the indicated conditions (where control is serum-free Ham's F12 medium) for 2 h. In some cases, insulin was added for the final 15 min (j). Cells were extracted and samples of cell lysate (30 µg of protein) were subjected to SDS/PAGE and Western blotting using antisera against eIF2α or eIF2α phosphorylated at Ser-51 (as indicated). Similar data were obtained in four separate experiments.
cells l 105p4 % of that in control cells when normalized for the signal for eIF2α itself ). Re-addition of glucose also had no significant effect on eIF2α phosphorylation ( Figure 5 and results not shown ; see also [10] ).
DISCUSSION
The data presented here demonstrate that glucose exerts a modulatory effect upon the regulation of proteins linked to mTOR signalling in mammalian cells. The absence of glucose is not, of course, a normal physiological situation for mammalian cells, but can arise during ischaemia. Examples of such situations are restriction of blood flow to the cerebellum (as following a stroke) or the myocardium (following infarction). The primary effect of glucose, at concentrations close to the physiological range, is to permit insulin to bring about the release of 4E-BP1 from eIF4E. In particular, glucose allowed insulin to bring about the phosphorylation of Thr-36, Thr-45 and Ser-64 on 4E-BP1, but did not itself enhance the level of phosphorylation of these sites. Glucose may thus allow insulin to activate the (poorly understood) kinase(s) and\or inhibit the phosphatase(s) that act on these phosphorylation sites. Glucose itself promoted the phosphorylation of Thr-69 in 4E-BP1. As we reported previously [10] , glucose also promoted the ability of insulin to bring about the release of 4E-BP1 from eIF4E and hence the formation of the eIF4F complexes required for cap-dependent translation initiation.
In contrast, glucose was insufficient to allow insulin to bring about the activation of a second target of mTOR signalling, p70 S6k, as judged by the low level of phosphorylation of its substrate, S6, in cells maintained in glucose and treated with insulin. This matches our earlier finding that insulin caused no significant activation of p70 S6k when assessed in immunoprecipitates from cells maintained in glucose [10] . One surprising finding was that, in the presence of glucose, insulin did bring about some degree of phosphorylation of p70 S6k (as judged by its mobility on SDS\PAGE). Clearly phosphorylation of the sites modified in response to insulin under this condition is insufficient to activate p70 S6k. Consistent with this, our data show that, in the presence of glucose, insulin elicits no significant change in the phosphorylation of Thr-389 or Ser-421\424, key regulatory sites involved in the activation of p70 S6k (reviewed in [34] ).
We have shown previously [10] that, in CHO cells, amino acids can themselves promote the formation of eIF4F complexes even in the absence of glucose or, more importantly, insulin. Amino acids presumably, therefore, provide a qualitatively different input to the regulation of 4E-BP1 than does glucose, which primarily acts permissively. Amino acids also brought about a greater degree of activation of p70 S6k than glucose, and were much more effective than glucose in promoting insulin-stimulated activation of this enzyme [10] . Amino acids again appear to provide a more effective input into this second target of mTOR signalling. We have also shown previously that both glucose and amino acids are needed for the regulation of eIF2B (which is independent of mTOR [36] ) and eEF2 by insulin [10] .
How does glucose provide an input into the regulation of 4E-BP1 ? Our data clearly show that non-metabolizable analogues of glucose cannot substitute for glucose itself, but that other hexoses can do so. It is possible that glucose metabolism generates a product that exerts the permissive effect. It is also formally possible that mammalian cells possess glucose (hexose) sensors akin to those in yeast [40] , and that these mediate the effects observed here. If this were the case, one would have to propose that such sensors did not detect the non-metabolizable sugar analogues used in the present study. The observation that lactate also promoted the insulin-induced release of 4E-BP1 from eIF4E lends support to the notion that these effects are related to metabolism.
The observation that phosphorylation of eIF2α was not affected by nutrient starvation over the time periods used here suggests that glucose starvation does not activate the eIF2 kinase mGCN2 [37, 38] (whereas its yeast homologue, Gcn2p, does appear to be activated by glucose starvation in that organism [39] ). Another possible mediator of the effects of glucose withdrawal, via possible changes in the cellular adenine nucleotide ' charge ', is the AMP-activated kinase [41] . To attempt to gain insight into the possible role of this enzyme in the regulation of 4E-BP1 phosphorylation, we made use of an artificial activator of the AMP-activated kinase, AICAriboside (5-amino-4-imidazolecarboxamide riboside) [41] . However, treatment of cells with this compound had no effect upon basal or insulinstimulated 4E-BP1 phosphorylation, thus apparently ruling out a role for the AMP-activated protein kinase in regulating 4E-BP1.
How can these data be rationalized in terms of the physiological control of protein synthesis ? Protein synthesis is a major consumer of energy (approx. 20 % of cellular energy is used for this process), and thus it makes excellent sense for cells to couple the availability of a metabolic fuel such as glucose to the regulation of translation factors. 4E-BP1 (and thus eIF4F) may be of especial importance in this context, since the latter is required for all cap-dependent translation-initiation events [14] . Regulation of this protein complex will thus impinge directly on the control of overall protein synthesis. It is therefore notable that provision of glucose allows insulin to activate overall protein synthesis. Glucose also increased the basal rate of protein synthesis ; since this sugar did not itself promote the formation of eIF4F complexes, this effect must involve other, so far unidentified, effects on the translational machinery.
Our data demonstrate that other inputs in addition to glucose and insulin are required for the phosphorylation of S6 and for the full activation of p70 S6k. This extra input can be provided by amino acids (reviewed in [13] ). As a corollary of this, it is probable that the translation of 5h-TOP mRNAs (which is coupled to S6 phosphorylation), and thus ribosome biogenesis, are only promoted in the presence of amino acids. Since ribosome synthesis itself consumes a large amount of amino acids, and since increased ribosome number is a long-term adaptation to allow higher rates of translation, it again makes physiological sense for amino acid availability to provide a key input into this process.
The present data point to novel connections between nutrient availability and the regulation of mRNA translation, in particular the control of phosphoproteins linked to mTOR. Unravelling the molecular mechanisms by which glucose and amino acids exert their effects in mammalian cells is a major goal for our understanding of nutrient signalling.
